Previously, we have offered formulas to determine the resistance to blood flow of the afferent and efferent arterioles of the kidney (1). They employed a modified Poiseuille's Law and were based especially on the concept of osmotic equilibrium in the glomerulus between the blood leaving the glomerular capillaries and the ultrafiltrate in Bowman's capsule. They utilized the inulin clearance as a measure of the rate of glomerular filtration and the diodrast clearance as a measure of the rate of renal plasma flow, as developed by Homer Smith and his coworkers (2, 3) . For determining the osmotic pressure of blood both before and after glomerular filtration, we depended on the data of the Adairs and Greaves (4) for human serum diluted below normal, not having been able, as yet, to supplant them with observations on concentrated plasma.
The formulas for renal afferent and efferent arteriolar resistance were, respectively (1): Here PM is the mean of systolic and diastolic blood pressure in. mm. Hg, D is the effective renal plasma flow (diodrast clearance, usually), and H is the reciprocal of (1 -hematocrit). F is the glomerular filtration fraction (the ratio of inulin to diodrast clearance), Po, is the osmotic pressure in mm. of Hg of the blood after concentration by glomerular filtration, and P. is the value before glomerular concentration. The osmotic pressures were given in terms of a formula which depended on the serum protein and filtration fraction, the use of which will be discussed later. The unit for RA and RE depends on the unit for D. Ordinarily, it will be mm. Hg per 1 In our original use of Poiseuille's law, we followed Whittaker and Winton's (5) description of the viscosity of blood of varying hematocrit (1) in the pump-lung-limb of the dog. They found that pressure and flow were strictly proportional for Ringer's solution, but that a constant had to be subtracted from the pressure when whole blood was used. This constant was about 20 mm. Hg for normal hematocrits but of course it decreased with the hematocrit so that for nearly zero hematocrit (plasma), it was not far from zero. At the time of the formulation of our equations for resistance, we were not aware of the similarity between Whittaker and Winton's in vivo findings for blood and the large body of observation in the field of physical chemistry concerning the flow of mixtures, emulsions, suspensions, and plastic solids. These facts are summarized in a monograph by Bingham (6) on which we draw. Similar conclusions are found elsewhere (7) .
The flow-pressure curve of a plastic solid is identical in form with the almost linear curves for blood found by Whittaker and 
The temptation, at this point, is to evaluate the unknown quantity, bB/LI, by using Whittaker and Winton's data; set Pf = 20 mm. Hg, Hc = i; calculate T (the resistance of the hindlimb of the dog) and insert it in the above formula. But such a method, while entirely legitimate for the hind-limb preparation, is not applicable to the kidney, since both L and T are dependent on the region in which they are measured. What is true of the hind-limb does not apply to the kidney, so far as L and T are concerned. Actually, the replacement of r by T, et cetera, in the expression for Pf is not really an improvement unless the expression can be evaluated by means of a kidney pressure-flow curve, similar to Whittaker and Winton's for the hind-limb of the dog, the intercept of which would give us the yield pressure for a given degree of vasoconstriction (flow = 0; pressure = Pf).
The possibility of obtaining such pressure-flow curves for the kidney seems remote. That organ, the vessels of which appear to react autonomously to changes in blood pressure, would not maintain constancy of vessel size (constant resistance) while the pressure was being varied. Clearly, an approximation to yield pressure in the kidney must be used, if it is justifiable.
Our last expression for Pf, above, shows that, for a given site (L constant), Pf varies as the fourth root of the resistance to blood flow (when on the linear portion of the pressure-flow curve). Since the blood pressure is reduced to the usual capillary pressure, in passing through the kidney, in two stages-the afferent and the efferent arterioles-rather than one, it is advisable to allocate Pf between the afferent and efferent arteriolar resistances, neglecting the small capillary and venous terminal portion (Rv). Our previous formulas for RA and RE, the afferent and efferent arteriolar resistances, were obtained by alloting all of the fixed yield pressure (20 mm. Total renal resistance now can be defined:
RK= RA+ Rm + RV.
In this way, total resistance from the renal artery to the renal vein has been evaluated. Osmotic pressure affected by A : G ratio
The formulas for renal resistance depend on an expression for the osmotic pressure of blood, derived from one offered by the Adairs and Greaves (4) from measurements on serum of a particular albumin-globulin ratio. We made no correction for A : G ratios differing from theirs of 2.20. While the discrepancy thereby resulting is usually not large, we have been able to minimize it by applying an empirical formula of Wies and Peters (10) for the osmotic pressure of a large range of A : G ratios in human sera. They found that albumin was 2.66 times as effective as globulin in elevating osmotic pressure in the range studied.
Let us call the concentration of serum proteins 3 in grams per 100 cc. with an A : G ratio of B. Let S be the concentration of serum protein, in grams per 100 cc., which would be required of the Adairs' and Greaves' 2.20 A: G ratio serum (our standard) to have the same osmotic pressure as the sample with the B ratio. Let g be the number of millimeters of mercury osmotic pressure contributed per gram globulin in serum.
We then have: This conversion formula is represented graphically in Figure 1 , whereby we obtain the osmotic equivalent in terms of serum protein of A : G ratio 2.20 for sera of varying A : G ratio B.
The osmotic pressure in mm. of Hg of plasma, at blood temperature, where the serum protein has the A: G ratio of 2.20, our S, is (1) In the glomerulus, a protein-free filtrate leaves the blood plasma, which is thereby concentrated. The fraction of plasma filtered off as glomerular filtrate (F) is measured by the ratio of inulin clearance (glomerular filtration rate) to diodrast clearance (rate of effective renal plasma flow). The osmotic pressure of the plasma leaving the glomerulus (P.,) is given by the formula: An actual example will illustrate the use of these charts. If the serum protein is 6.0 grams per 100 cc. with an A: G ratio of 1.5, from Figure 1 we find that the osmotically equivalent protein concentration with an A: G ratio of 2.20 is 5.6. This value for S, in Figure 2 , is found to give a value for PO (when F = 0) of 18.9 and, if F = 0.2, for example, a value for P., of 26.4. These quantities would then be utilized in the resistance formulas.
VISCOSITY
The present use of the resistance formulas has involved either the comparison of the subject with himself as control, after a brief interval for the experimental procedure, or the assumption that little change in blood viscosity has occurred (1, 11). In certain instances, where the hematocrit and serum protein are different and still a comparison of renal resistance is desired, the formulas may not be applicable unless their strict meaning is remembered.
As derived, RA and RE refer to the resistance of the afferent and efferent arterioles to the flow of the subject's own blood taken as the viscosity standard. If his blood changes, the values of RA and RE will refer to the changed blood as standard. Such a definition has real physiological value, since our interest in measuring resistance is certainly in part prompted by the desire to understand how much flow any given pressure will produce of the subject's own blood, irrespective of its viscosity. Thus, if the blood viscosity were halved while RA and RE were found to be unchanged, we should be able to say that, for the same pressure, the same rate of blood flow through the arterioles would persist. Such a condition, however, could be attained only by constriction of the arterioles. In the hydraulic sense, referred to some arbitrary unit, the resistance of the arterioles in our example must certainly have increased, when the blood viscosity was halved, to prevent increase in renal blood flow. We see, then, that the "hydraulic" resistance is necessary, if blood viscosity shifts, and we are interested in knowing the change produced in the calibre of the renal arterioles.
We are in a position to make this correction since we have a tentative expression for whole blood viscosity in terms of serum protein (S) and the hematocrit (1/H = 1-hematocrit) (1). Let us call U the viscosity of whole blood and R. and R. the afferent and efferent "hydraulic" arteriolar resistances referred to a fixed viscosity perfusion standard as compared with our present "individual" formulations, RA and RE, which refer to the individual's own blood as viscosity standard. The small and large letter subscripts elsewhere will correspond analogously. We then have (1) Or, U = (1 + 0.34S)(0.162 + 0.590H). While this formula can be used to change RA, and the other quantities, into R., R., and the corresponding analogues by computation, as shown above, the labor can be reduced by using Figure  3 , where, for known values of serum protein and H (the hematocrit constant), the viscosity U is given. In this way, values for "hydraulic" resistance of the renal arterioles and the rest of renal resistance can be obtained, which give a notion of the calibre of these vessels, irrespective of the viscosity cf the blood coursing through them. (9, 11, 12) .
The special virtue of algebraic expressions is the neat way in which the influences of many variables can simultaneously be permitted to interreact. Our minds, unaided by such tools, cannot be expected to assess the relative influence on resistance of changes in blood viscosity, blood pressure, blood flows, and so on. Far from assuming fixed afferent and efferent anteriolar resistances (8) , wide variability of both is to be expected and obtained; the mode of derivation of the formulas does not presume fixity. This was clearly indicated in the initial application of these methods to renal resistance in man during spinal anesthesia, where changes of both sets of arterioles were routinely seen (1) .
Nonetheless, because of the formulas' flexibility, and because it had previously been reported that in man, during the change from renal ischemia due to adrenalin to the renal hyperemia induced by pyrogens, the main shifts are in the efferent arterioles alone (3), it was deemed advisable to determine the effects of a fixed afferent or efferent set of arterioles. Our study indicated that, in this physiological range, both sets of arterioles, rather than only one, participated (11) .
"The glomerular filtration rate cannot in theory, or in practice, approach zero at high renal blood flows . . . " if the afferent arterioles and systemic blood pressure are fixed, according to Shannon (8) . Yet, if we visualize our ideal nephron in this condition, we can see that, as efferent arteriolar resistance is progressively reduced, the drop in blood pressure along the efferent arterioles from glomerulus to peritubular capillaries must also progressively decrease, while blood flow, because of the consequent reduction in total renal resistance, rises. That is to say, as blood flow increases, glomerular intra-capillary pressure falls until, if carried to a theoretical (not physiological) extreme, it will be the same as peritubular capillary pressure and will be inadequate to form a glomerular filtrate. This is the meaning of the extreme foot of the curve previously reported (11) . It is not meant to be a physiological occurrence, since our formulas were carefully limited to physiological ranges so as to prevent drawing such impractical conclusions. We thus see that our ideal nephron, when carried past its well defined range, works reasonably, although ceasing to be applicable to biological problems.
That the calibre of arterioles, and therefore their resistance, varies with the pressure of the blood inside them (8) does not interfere with our deductions. Our "individual resistance," elaborated above, refers to the resistance to flow of the individual's own blood, and imposes no restrictions on the response of the arteriole to the pressure of the blood within it. " Hydraulic resistance," as we have used it, permits some conclusions concerning the relative calibre of the vessels, but again without neglect of their response to internal pressure.
SUMMARY
The similarity between blood flow and the flow of plastic solids, as described by Bingham, is used to substitute a variable in place of a static value for the yield pressure in our application of Poiseuille's Law to the kidney.
An expression for post-arteriolar resistance (defined precisely) is added to those for arteriolar resistance so that total renal resistance to blood flow can be computed, if desired.
A method is elaborated by which serum protein of any albumin-globulin ratio can be quickly converted by means of a chart (or formula) into an osmotically equivalent concentration of serum protein of A: G ratio 2.20.
A second chart then provides the systemic osmotic pressure of blood (or plasma) for the osmotically equivalent concentration of standard serum protein and also the osmotic pressure of the blood concentrated in the glomerulus by ultrafiltration to the degree indicated by the inulin-to-diodrast clearance ratio. These two values simplify and improve the calculation of renal resistance to blood flow.
A chart for blood viscosity, as affected by the serum protein concentration and the hematocrit, permits the ready calculation of renal resistance with allowance for the viscosity of the subject's blood.
While the charts for osmotic pressure and viscosity of blood have been designed primarily to aid in studying renal function, they have wider applicability wherever blood viscosity and osmotic pressure are required without direct measurement.
